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COMPOSITE ELECTROLYTE CONTAINING 
SURFACE MODIFIED FUMED SILICA 

FIELD OF THE INVENTION 
The present invention relates to electrolytes, and more 
particularly to electrolytes which are useful in, for example, 
electrochemical cells and batteries. 

BACKGROUND OF THE INVENTION 
Research in polymer electrolytes for use in rechargeable 
lithium and lithium-ion batteries has been ongoing for 
decades. However, performance of conventional electrolytes 
is still less than desirable. A long-standing goal of electrolyte 
research generally relates to the preparation of an electrolyte 
that combines the solid-like characteristics of conventional 
thermoplastics with the ionic conductivity of low molar 
mass liquids. 

The majority of polymer electrolyte research has focused 
on employing polyethylene oxide (PEO) and PEO deriva- 
tives complexed with various lithium salts. A lithium salt 
dissolved in a high-molecular weight PEO by itself typically 
does not yield a room temperature conductivity sufficiently 
high enough for practical application in a lithium battery 
(i.e., greater than 10~ 3 S/cm). Various approaches have been 
attempted to develop solid electrolytes for lithium cells, 
which yield improved room temperature conductivity. Fau- 
teux et al. [Electrochimica Acta, 1995, 40, 2185] has cat- 
egorized these approaches into two classes, namely (1) 
"pure" solid polymer electrolyte systems, and (2) network or 
gel-polymer electrolyte systems, and Koksbang et al. [Solid 
State Ionics, 1989, 36, 320] has compiled examples of each 
class. In the first class, blends of polyethers which may be 
copolymerized with co-monomers can be used to lower the 
glass transition temperature T g and produce a polymer with 
reduced crystallinity. The class also includes co-polymers of 
polyether-grafted polyether, polysiloxane, or polyphosp- 
hazene backbones. Alternatively, plasticizers may be added 
to the PEO, either as an absorbed liquid or a plasticizing 
lithium salt, to attempt to effect an increase in conductivity. 

In contrast, with respect to the gel-polymer electrolyte 
systems, the ionic conduction is believed to be due to the 
mobility of the ionic species in the liquid phase of the 
gel-polymer system. Gel electrolytes are typically prepared 
by dispersing liquid solvents (e.g., organic carbonates) and/ 
or platicizers in an inert polymer. The ionic conductivity of 
the gel electrolyte is usually higher than the solid electrolyte, 
but at the expense of a less mechanically strong and elec- 
trochemically less stable system. 

There remains a need in the art for electrolytes for use in 
electrochemical cells including lithium and lithium-ion 
batteries, which exhibit high conductivities and good 
mechanical properties. There is also a need for electrolytes 
which are more easily processable than conventional elec- 
trolytes. Moreover, there is a need for electrolytes which 
exhibit a higher level of electrochemical stability than those 
materials which are currently being used. 

It is therefore an object of the present invention to provide 
a composite electrolyte which exhibits a high conductivity at 
room temperature. It is also an object of the present inven- 
tion to provide a composite electrolyte which possesses 
good mechanical properties. It is another object of the 
present invention to provide a composite electrolyte which 
may be processed in an easier manner. It is yet another object 
of the present invention to provide a composite electrolyte 
which exhibits good electrochemical stability. 

SUMMARY OF THE INVENTION 

As a first aspect, the present invention provides a com- 
posite electrolyte. The composite electrolyte comprises a 
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surface modified fumed silica filler, wherein the surface 
modified fumed silica comprises polymerizable groups on 
the surface thereof, the polymerizable groups being bonded 
to each other such that the surface modified fumed silica 
s filler is crosslinked into a three-dimensional structure; a 
dissociable lithium salt; and a bulk medium which contains 
the surface modified fumed silica filler and the dissociable 
lithium salt. 

As a second aspect, the present invention provides an 
io electrochemical cell. The electrochemical cell includes an 
anode; a cathode; and interposed between the anode and the 
cathode, a composite electrolyte as described herein. 

The foregoing and other objects and aspects of the present 
invention are explained further in the detailed description, 
15 examples, and figures set forth below. 

BRIEF DESCRIPTION OF THE FIGURES 
In the Figures which form a portion of the original 
disclosure: 

20 FIG. 1 is a schematic representation of fumed silica. The 
diagram a represents single entities of fumed silica existing 
as branched chain-like aggregates. The diagram b represents 
a three-dimensional network structure formed by the 
agglomeration of fumed silica aggregates. These aggregates 

25 are composed of primary particles; 

FIG. 2 illustrates a synthetic route for making a surface 
modified fumed silica. In this example, the silica possesses 
two different surface functionalities: (1) an octyl (Cg) chain 

30 which allows the silica to be hydrophobic; and (2) a propyl 
methacrylate moiety which can undergo crosslinking; 

FIG. 3 is a schematic representation illustrating the steps 
involved in preparing a composite electrolyte. As a first step, 
surface-modified fumed silica is prepared as illustrated in 

35 FIG. 2. The silica is then dispersed in a base matrix (e.g., 
polyethylene glycol-dimethylether (PEG-DM)/lithium (Li) 
salt), and subsequently a small quantity of polymerizable 
monomer is added to the system (e.g., butyl methacrylate). 
Finally, in the presence of an initiator (e.g., AIBN), the 

40 material is crosslinked to yield a network structure, sche- 
matically represented in this figure; and 

FIG. 4 is a graph illustrating the ionic conductivity of a 
composite electrolyte before and after thermally induced 
crosslinking; and 

45 FIG. 5 is a graph illustrating the dynamic (elastic and 
viscous) moduli before and after crosslinking for composite 
electrolytes. 

DETAILED DESCRIPTION OF THE 

5Q INVENTION 

The invention will now be described more fully 
hereinafter, in which preferred embodiments of the inven- 
tion are shown. This invention may, however, be embodied 
in different forms and should not be construed as limited to 

55 the embodiments set forth herein. Rather, these embodi- 
ments are provided so that this disclosure will be thorough 
and complete, and will fully convey the scope of the 
invention to those skilled in the art. 

In one aspect, the invention relates to a composite elec- 

60 trolyte. The composite electrolyte comprises a surface modi- 
fied fumed silica filler; a dissociable lithium salt, and a bulk 
medium which contains the surface modified silica filler and 
the dissociable lithium salt. For the purposes of the 
invention, the composite electrolyte is a non-aqueous elec- 

65 trolyte. 

In accordance with the invention, the composite electro- 
lyte includes surface modified fumed silica filler. Mixtures 
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of various fumed silicas may be used. For the most part, the The surface modified fumed silica filler may be employed 

fumed silica initially contains silanol groups which may be in different amounts. Preferably, the surface modified fumed 

replaced by polymerizable groups on the surface. The poly- silica filler is used in an amount ranging from about 1 to 

merizable groups are generally provided by reacting the about 50 percent by weight of the composite electrolyte, and 

fumed silica with one or more monomers which are 5 more preferably from about 10 to about 20 percent by weight 

described herein, such as, for example, surface reactive c f tne compos it e electrolyte. 

monomers which contain a surface active group (one which Various of dissociable mhlm salts may be used in 

may react with a silanol) and a polymerizable group. ^po^ e i ectro lyte of the present invention. Exem- 

Although a wide range of surface reactive monomers are d ^ ci!lUe Uthium salts include, but are not limited to, 

contemplated by the invention, the surface reactive mono- f y . .... i-.u-' a w„.= 

mers are preferably of a hydrophobic nature, and thus have 10 lth / um imde > h u hmm Inflate lithium tetrafluoroborate, 

a hydrocarbon segment along with a polymerizable group. lithium perchlorate, lithium iodide lithium 

The hydrocarbon segment (preferably from Q to C 16 alkyl) tnfluorocarbonate, lithium nitrate, lithium thiocyanate, 

of such a monomer is typically attached to the fumed silica lithium hexafluoroarsenate, lithium hexafluorophosphate, 

with the polymerizable group being present on the end of the lithium methide, and mixtures thereof. An often used dis- 

hydrocarbon segment. The length of the hydrocarbon seg- 15 sociable lithium salt is lithium imide. 

ment may be adjusted according to the level of hydropho- The dissociable lithium salt may be used in various 

bicity that is desired. Surface modifiers in addition to the amounts, the selection of which can be made to maximize 

above monomers containing polymerizable groups may be the ionic conductivity of the composite electrolyte, 

used to provide a desired hydrophobic level such as , for Preferably, the dissociable lithium salt is used in an amount 

example, octyltrimethoxy silane. The surface modifiers may 20 rang i n g from about 5 to about 40 percent by weight of the 

contain various functional groups which may allow, for composite electrolyte, and more preferably from about 15 to 

example, for the tailoring of certain physical, chemical, and about 25 ent b wei ht of the com p OS i te electrolyte, 

electrochemical properties of the composite electrolyte. The , . , . , 

term "functional groups" should be broadly interpreted to As stated above, the composite electrolyte includes a bulk 

include those groups capable of undergoing a wide variety 25 com P'f f t he surface modified fumed suica 

of reactions. Exemplary functional groups include, but are filler and the dissociable lithium salt For the purposes of the 

not limited to, cyclic and straight-chained ethers, alcohols, invention the term "bulk medium is to be broadly inter- 

and the like. The polymerizable groups on the fumed silica P reted and includes various liquid and solid materials which 

are interconnected or bonded to each other such that said are typically used in electrolytes. For example the buUc 

surface modified fumed silica filler is crosslinked and 30 med > u ™ may be ' D the J 0 ™ °f a low molecular weight 

present as a three-dimensional network in the form of a h T d ' ^ t6rm l0W m ° leCUlar W "f 1 typically refeis to 

flexible film. In other words, the polymerizable groups are l ^ h »8 J weight-average molecular weight of less 

present on various surface modified limed silica units so as ^n about 1000. Liquids of this type may include but not 

to bridge the units by a polymer chain. The three- b f limited to, a component which may be a polyethylene 

dimensional structure allows the composite electrolyte to 35 V**™ j » -game ; c«b°nate, or mixtures thereof, 

display good mechanical strength without adversely affect- used herei " l ^ P hra f Polyethylene glycol) polymer 

ing electrical conductivity. The open nature of the three- refers to polyethylene glycol) and analogs thereof. Analogs 

dimensional structure facilitates rapid mobility of ions °f Polyethylene glycol) are well known to those skilled in 

through the material, thereby providing excellent ionic con- the art and ^ are commercia ly avai able Specific 

ductivities. One significant aspect of the invention is that the 40 ™ *P les ° f Polyethylene glycol) ana ogs within the scope 

mechanicalandelectrochemicalpropertiesoftheelectrolyte of the present invention include but are not hrmted to 

can be independently controlled polyethylene glycol) mono methyl ether polyethylene 

„ . r / . . , , glycol) dimethyl ether, and mixtures thereof. 

The surface reactive monomers containing polymerizable ' , , , , , 

groups generally include those components which are The poly(ethylene glycol) polymer may be present in 

capable of undergoing free radical polymerization. Exem- 45 vanous amounts. Preferably, the polyethylene glycol) poly- 

plary classes of polymerizable groups include, but are not "™ ' su f d in an amount no greater than about 90 percent 

limited to, methacrylates, acrylates, styrenes, alkenes, and b V wei g h t of the composite electrolyte, 

mixtures thereof. Examples of suitable methacrylates useful A number of organic carbonates may be used in the 

for surface modification of the silica include trimethoxysi- present invention. Such organic carbonates include, but are 

lylpropyl methacrylate and trichlorosilyloctyl methacrylate. 50 not limited to, dimethyl carbonate, propylene carbonate, 

Additional monomers may also be added to the composite ethylene carbonate, diethyl carbonate, dimethyl carbonate, 

electrolyte that do not react with the surface of the fumed and mixtures thereof. 

silica but may participate in the crosslinking reaction with The organic carbonate may be present in various amounts, 

the polymerizable groups. Exemplary classes of such mono- Preferably, the organic carbonate is used in an amount no 

mers include, but are not limited to, methacrylates, acrylates, 55 greater than about 90 percent by weight of the composite 

styrenes, alkenes, and mixtures thereof. Examples of suit- electrolyte. 

able methacrylates include alkyl methacrylates such as, but The bulk medium may also be in the form of a solid 

not limited to, methyl methacrylate, butyl methacrylate, material. Most typically, a polymeric material is employed 

octyl methacrylate, and mixtures thereof. and preferably has a weight average molecular weight 

The above monomer may be employed in various 60 ranging from about 1000 to about 10 7 , more preferably from 
amounts. Preferably, the monomer is used in an amount about 1000 to about 10 s . The solid material may be used in 

ranging from about 1 to about 25 percent by weight, and an amount, for example, of up to about 90 percent by weight 

more preferably from about 5 to about 10 weight percent. of the composite electrolyte. The solid material is prepared 
Preferably, about 30 to about 75 percent of the silanol groups according to techniques which are known to one skilled in 
of the fumed silica are replaced by polymerizable groups, 65 the art. As an example, a casting procedure may be used in 
and more preferably about 30 to about 60 percent of the which a solvent such as acetonitrile is employed during 

silanol groups are replaced by polymerizable groups. processing. 
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By virtue of its open three-dimensional crosslinked 
structure, the composite electrolyte has advantageous physi- 
cal properties. Preferably, the composite electrolyte has an 
ionic conductivity of at least 10" 4 ScnT 1 , more preferably 
from about 1CT 3 ScnT 1 to about 10~ z ScnT 1 measured at 
room temperature. The composite electrolyte also has good 
mechanical strength with an elastic modulus preferably 
ranging from about 10 4 Pa to about 10 7 Pa. Prior to 
crosslinking, the electrolyte also has a shear thinning 



The fumed silica is then contacted with a bulk medium 
comprising a dissociable lithium salt, an initiator, and a 
second monomer which does not bind to the silica but 
participates in the crosslinking reaction. The mixture is 
typically mixed by mechanically agitating the components 
using agitation procedures which are known in the art. The 
mixture is then processed (e.g., extruded, blade coated, roll 
coated, and the like) into a defined geometry. The surface 
modified fumed silica is then polymerized such that the 



cosity which allows it to be readily processable. Preferably, 1Q polymerizable groups on the surface of the fumed silica 
the shear thinning viscosity is about 1 poise at a shear rate become interconnected and a three-dimensional crosslinked 
of 10 3 s" 1 . The composite electrolyte also preferably exhib- composite electrolyte is formed. The polymerization typi- 
its an electrochemical stability characterized by a current cally takes place between about 1 min. and about 240 re ' 
density which may range from about 10 to about 20 juAJcm 2 and at a temperature ranging from about 20 deg C. t 
at a voltage of about 4.5 V or above. The above physical 60 deg C. 
properties are determined according to procedures known to A number of suitable initiators can be used in the above 
those skilled in the art. The composite electrolyte is initially method, the selection of which are known in the art. Exem- 
present in the form of an elastic gel or suspension. Following plary initiators include, for example, azobisisobutyronitrile 
crosslinking, it is transformed into a stable film. (AIBN) and benzophenone. An initiator which is typically 

In another aspect, the invention relates to an electrochemi- 20 used is AIBN. The initiator is preferably present in amounts 
cal cell which may be used in a variety of devices such as, of less than about 1 percent based on the weight of the 
but not limited to, lithium and lithium-ion containing electrolyte. 

batteries, capacitors, and the like. Such devices are useful in The polymerization may be initiated by a number of 
a variety of end use applications such as, for example, techniques. For example, the polymerization may be initi- 
chemical sensors and electrochromic windows. In general, 2S ated thermally, actinic radiation (e.g., photochemical by 
the electrochemical cell comprises an anode, a cathode, and employing, for example, UV radiation), or using an electron 
a composite electrolyte interposed between the anode and beam. The selection of a proper initiation technique is 
cathode, the composite polymeric electrolyte being known to one skilled in the art. 

described herein. In the event that porous anodes and The composite electrolyte of the present invention is 
cathodes are used, the composite electrolyte may be used to 30 advantageous. For example, the electrolyte provides good 
fill in the voids in the anodes and cathodes. The electro- mechanical strength while not adversely affecting electrical 

conductivity. The electrolyte may also be readily processed. 
Moreover, by virtue of employing the electrolyte, the need 
for a microporous separator in an electrochemical cell which 
the skilled 35 contains the electrolyte is largely eliminated. The electro- 
lytes also potentially exhibits improved performance in 
terms of: (1) containment/elimination of liquid spills of 
electrolyte from accidentally opened cells, (2) reduction of 
the solution vapor pressure through addition of high loading 
cathodes may be used in the electrochemical cell such as, for 40 of fumed silica, (3) and improved interfacial stability 
example, TiS 2 , V s 0 13 , FeS 2 , LiNi0 2 , LiCo0 2 , and LiMn 2 0 4 between the anode and electrolyte. 

cathodes. Organic sulfur compounds may be also be utilized The following examples are provided to illustrate the 

in cathodes and include, for example, mercaptans and dimer- present invention, and should not be construed as limiting 
captans. thereof. In these examples, unless otherwise specified, ACS 

As alluded to herein, the invention also relates to batteries 45 reagent grade starting materials and solvents were used as 
which employ the electrochemical cells and the composite received from commercial suppliers without further purifi- 
electrolytes of the invention. Suitable batteries include, for cation. Aerosil 200 fumed silica was supplied from Degussa 
example, lithium and lithium-ion batteries, those batteries A.G., of Frankfurt, Germany. This silica had a surface 
being known to one skilled in the art. The distinction hydroxyl group content of 1 mmol OH/g and was stored over 
between these types of batteries relates to the materials used 50 a half-saturated solution of NH„N0 3 for at least one week 
in the anode. For example, anodes used in lithium-ion prior to silanation reactions. Proton nuclear resonance ( 1 H 



chemical cell is produced in accordance with techniques 
which are known in the art. 

A number of anodes may be used in the electrochemical 
cell, the selection of which are well known t< 
artisan. Anodes which may be used include, for example, 
those containing alkali metals and transition metals. Specific 
examples include lithium, graphite, polymers, tin-based 
glass oxide, and mixtures thereof. Several conventional 



batteries usually include elemental lithium intercalated in a 
conventional form of carbon of suitable particle size. 
Examples of carbon used in this application may include, but 
are not limited to, graphite, petroleum coke, fine charcoal, 5 
and the like. The carbon particles are typically mixed with 
a suitable organic binder, and the mixture is then usually cast 
or molded into thin squares or rectangular plates of conve- 
nient dimensions. A lithium battery, on the other hand, is one 
which has an anode formed from lithium metal. The term t 
"lithium metal" is to be broadly construed and may include 
lithium alone or in combination with other metals as an 

The invention also relates to a method of forming a 



NMR) analyses were carried out at room temperature in 
deuterated chloroform (CDC1 3 ) on a Varian Gemini-300 
spectrometer with the solvent proton signals being used as 
chemical shift standards. A Nicolet IR/42 spectrometer 
purged with dry nitrogen was used to obtain infrared spectra. 
Samples used were 1 cm 2 pressed pellets prepared from ca. 
10 mg of the various pure silicas. All spectra reported were 
acquired by signal averaging 32 scans at a resolution of 4 
cm -1 . Differential scanning calorimetry (DSC) and thermo- 
gravimetric analyses (TGA) were preformed under a nitro- 
gen atmosphere at a heating rate of 10 deg C./min on a 
Perkin Elmer DSC 7 and a Perkin Elmer TGA 7 instrument, 
respectively. The temperature was calibrated with an indium 



composite electrolyte. The method includes reacting fumed 65 standard. For DSC measurements, samples were initially 
silica with a surface bound monomer such that polymeriz- heated to 10 deg C. to erase the sample's thermal history, 
able groups are formed on the surface of the fumed silica. and then were quenched to -100 deg C. prior to starting the 



5,96 

7 

run. Samples for TGA measurements were first dried in a 
vacuum at 120 deg C. overnight. Dried samples 
(approximately 5 to 10 mg) were held at 115 deg C. in the 
TGA until a stable weight reading was obtained, and then the 
run was started. 

Example 1 
7-Octenyl Methacrylate 

Example 1 illustrates the synthesis of 7-octenyl methacry- 
late. To a 100 mL round bottomed flask were added 30 mL 
of CC1 4 , 4.0 g (31 mmol) of 7-octen-l-ol, and 8 g of crushed 
3A molecular sieves. The mixture was heated to reflux and 
4.4 g of (47 mmol) methacryloyl chloride in 10 mL of CC1 4 
was added over a period of 15 min under dry N 2 . Heating 
was continued overnight. The molecular sieves were 
removed by filtration, and after removing the solvent, the 
product was purified using column chromatography (Si0 2 / 
hexane). The yield was 5.8 g (95%). X H NMR (CDC1 3 ); 5 
6.09 (s, 1H), 8 5.88-5.74 (ddt, 1H), 8 5.54 (s, 1H), 8 
5.03-4.91 (m, 2H), 8 4.13 (t, 2H), 8 2.08-2.01 (dt, 2H), 8 
1.94 (s, 3H), 8 1.71-1.60 (m, 2H), 8 1.44-1.30 (m, 6H). 13 C 
NMR (CDCI3): 8 167.5, 8 138.9, 8 136.5, 8 125.1, 8 114.3, 
8 64.7, 8 33.6, 8 28.7, 8 287.7, 8 28.5, 8 25.8, 8 18.3. IR 
3079, 1642 [v(— CH=CH 2 ), v(— CH 3 C=CH 2 )], 1713 
[v(OCO)]. MS m/z M + 196. 

Example 2 
8-Triclorosilyl Octyl Methacrylate 

Example 2 represents the synthesis of 8-trichlorosilyl 
octyl methacrylate. In a dry box, a 13-mm Pyrex tube was 
charged with 5.8 g (30 (mmol) of 7-octenyl methacrylate, 
0.1 mL of Speier's catalyst [Speier, et al.J.Am. Chem. Soc. 
1957, 79, 974] (0.12 M H 2 PtCl 6 in isopropanol), and 4.8 g 
(35 mmol) HSiCl 3 . The tube was sealed and heated at 60 £ C. 
overnight. The product was evacuated under vacuum at 
room temperature and stored under vacuum until use. J H 
NMR (CDCI3): 8 6.09 (s, 1H), 8 5.54 (s, 1H), 8 4.13 (t, 2H), 
8 1.94 (s, 3H), 8 1.69-1.53 (m, 4H), 8 1.44-1.30 (m, 10H). 
13 C NMR (CDCy : 8 167.5, 8 136.5, 8 125.2, 8 64.7, 8 31.7, 
8 29.0, 8 28.9, 8 28.5, 8 25.9, 8 25.9, 8 24.3, 8 22.2, 8 18.3. 
IR 1640 [v( — CH 3 C — CH 2 )], 1712 [v(OCO)], 590, 567 
[v(Si— CI)]. MS m/z M + 331. 

Examples 3 Through 4 

Examples 3 through 4 represent the syntheses of surface 
modified fumed silica. 

Example 3 

Preparation of Surface Attached Methacrylates 
Tethered via an Octyl Side Chain 
To 30 g of Aerosil 200 in a 1 L round bottomed flask were 
added 600 mL of toluene containing 3.0 mL (15 mmol) of 
diethylamine. The flask was attached to a mechanical shaker, 
and a mixture of 9.75 g (29 mmol) 8-(trichlorosilyl)octyl 
methacrylate present in 30 mL of toluene were added. The 
reaction was allowed to proceed at room temperature over- 
night. The product was separated by filtration, and washed 
with three portions of both toluene and ethyl ether. The 
residual diethyl ether was evaporated and the solid was 
transferred into a Schlenk flask and dried under vacuum at 
120 deg C. overnight. 

Example 4 

Preparation of Octyl Modified Silicas with Propyl 
Tethered Methacrylates 
To 15 g of Aerosil 200 in a 500 mL round bottomed flask 
were added 450 mLof toluene containing 1.5 mL (15 mmol) 
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of diethylamine. The flask was attached to a mechanical 
shaker, and a mixture of 2.43 mL (9 mmol) octyltrimethox- 
ysilane and 0.73 mL (3 mmol) of trimethoxysilylpropyl 
methacrylate in 30 Ml of toluene were added. The reaction 

5 was allowed to proceed at room temperature overnight. The 
product was separated by filtration, and washed with three 
portions of both toluene and diethyl ether. The residual 
diethyl ether was evaporated and the solid was transferred 
into a Schlenk flask and dried under vacuum at 120 deg C. 

10 overnight. 

Example 5 

To a blender cup were added 1.5 g of butyl methacrylate, 
15 mg of AIBN initiator, 1.5 g of methacrylate-modified 

35 fumed silica, and 12 g of a PEGDME-500/LiClO 4 solution 
with the desired O/Li ratio. The mixture was mixed in a 
Waring blender for 2-5 minutes and then was transferred to 
a vial. After evacuation to remove air bubbles, the sample 
was stored in a desiccator until used. Polymerization of the 

20 composite electrolyte was initiated with a 450 W medium 
pressure UV lamp. Samples were placed approximately 3 
cm from the lamp, and were exposed until rubbery. Cross- 
linking was performed under nitrogen and in air; curing 
under nitrogen allowed shorter reaction times. 

25 

Example 6 

Electrolyte samples were prepared which contained func- 
tionalized A200 fumed silica with octyl and methacrylate 
groups (TOM). The samples contained a solution of lithium 
imide as the dissociable lithium salt, and dimethyl capped 
PEG (Li:0 of 1:20). Butyl methacrylate (BMA) was added 
to the solutions along with free radical initiators, and the 
mixtures were exposed to thermal conditions which initiated 
the polymerization. FIG. 4 illustrates the ionic conductivities 
for the composite electrolytes. As shown, conductivites in 
excess of 10~ 3 S/cm were observed. 

Example 7 

40 FIG. 3 represents a synthetic route for producing a 
crosslinked composite electrolyte. A200 fumed silica was 
reacted with a combination of surface groups such as, for 
example, an octyl chain with different coverages of tethered 
methacrylates. The length of the tether was varied, and it 

4 5 was found that both C 3 and C 8 tethers gave useful compos- 
ites. The functionalized silicas were combined with PEG- 
DM, AIBN, or benzophenone (free radical initiators), 
LiC10 4 or Li imide, and methyl, butyl, or octyl methacrylate 
to form stable clear gels. Upon irradiation with UV light, 

50 polymerization of both the tethered methacrylate and the 
added methacrylate took place, yielding a cross-linked rub- 
bery material. 

Example 8 

55 Fumed silica/PEG-DM composite electrolytes were pre- 
pared according to procedures of the present invention. The 
composite electrolytes contained 10 percent of 
methacrylate-functionalized fumed silica and 10 percent 
butyl methacrylate in a PEG-DM/LiC10 4 matrix. Dynamic 

60 moduli (elastic, G 1 and viscous G") were measured before 
and after crosslinking, as illustrated in FIG. 5. As shown, the 
crosslinked electrolytes exhibited improved moduli values 
relative to non-crosslinked electrolytes. 

The foregoing is illustrative of the present invention and 

65 is not to be construed as limiting thereof. The invention is 
defined by the following claims, with equivalents of the 
claims to be included therein. 



That which is claimed is: 

1. A composite electrolyte comprising: 

(a) a filler comprising surface modified fumed silica 
particles, wherein said surface modified fumed silica s 
comprises polymerizable groups on the surface thereof, 
said polymerizable groups being covalently bonded to 
each other in a chemical reaction such that said surface 
modified fumed silica filler is bridged by polymer 
chains formed from the polymerizable groups, the 10 
surface modified fumed silica filler being crosslinked 
and present as a three-dimensional structure and; 

(b) a dissociable lithium salt; and 

(b) a bulk medium which contains said surface modified 
fumed silica filler and said dissociable lithium salt. 15 

2. The composite electrolyte according to claim 1, 
wherein said bulk medium comprises a liquid component 
selected from the group consisting of a poly(ethylene glycol) 
polymer having a weight average molecular weight of less 
than about 1000, an organic carbonate, and mixtures thereof. 20 

3. The composite electrolyte according to claim 2, 
wherein said poly(ethylene glycol) polymer is selected from 
the group consisting of poly(ethylene glycol), poly(ethylene 
glycol) mono methyl ether, polyethylene glycol) dimethyl 
ether, and mixtures thereof. 

4. The composite electrolyte according to claim 2, 
wherein said organic carbonate is selected from the group 
consisting of dimethyl carbonate, propylene carbonate, eth- 
ylene carbonate, and mixtures thereof. 

5. The composite electrolyte according to claim 1, 30 
wherein said bulk medium comprises material having a 
weight average molecular weight ranging from about 1000 

to about 10 7 . 

6. The composite electrolyte according to claim 1, 
wherein said dissociable lithium salt is selected from the 35 
group consisting of lithium imide, lithium triflate, lithium 
tetrafluoroborate, lithium perchlorate, lithium iodide, 
lithium trifluorocarbonate, lithium nitrate, lithium 



10 

11. An electrochemical cell comprising: 

(a) an anode; 

(b) a cathode; and 

(c) interposed between said anode and said cathode, a 
composite electrolyte, wherein said composite electro- 
lyte comprises: 

(i) a filler comprising surface modified fumed silica 
particles, wherein said surface modified fumed silica 
comprises polymerizable groups on the surface 
thereof, said polymerizable groups being covalently 
bonded to each other in a chemical reaction such that 
said surface modified fumed silica filler is bridged by 
polvmer chains formed from the polymerizable 
groups, the surface modified fumed silica filler being 
crosslinked and present as a three-dimensional struc- 
ture; 

(ii) a dissociable lithium salt; and 

(iii) a bulk medium which contains said surface modi- 
fied fumed silica filler and said dissociable lithium 
salt. 

12. The electrochemical cell according to claim 11, 
wherein said anode is a lithium anode. 

13. The electrochemical cell according to claim 11, 
wherein said cathode is selected from the group consisting 
of TiS 2 , V 6 0 13 , FeS 2 , LiNi0 2 , LiC0 2 , LiMn 2 0 4 , and 
organic sulfur cathodes. 

14. The electrochemical cell according to claim 11, 
wherein said bulk medium comprises a liquid component 
selected from the group consisting of a poly(ethylene glycol) 
polymer having a weight average molecular weight of less 
than about 1000, an organic carbonate, and mixtures thereof. 

15. The electrochemical cell according to claim 14, 
wherein said polyethylene glycol) polymer is selected from 
the group consisting of poly(ethylene glycol), polyethylene 
glycol) mono methyl ether, poly(ethylene glycol) dimethyl 
ether, and mixtures thereof. 

16. The electrochemical cell according to claim 14, 
wherein said organic carbonate is selected from the group 



thiocyanate, lithium hexafluoroarsenate, and mixtures ^ consisting of dimethyl carbonate, propylene carbonate, eth- 

thereof. ylcne carbonate, and mixtures thereof. 

7. The composite electrolyte according to claim 1, 17. The electrochemical cell according to claim 11, 
wherein said electrolyte has an ionic conductivity measured wherein said bulk medium comprises material having a 
at room temperature ranging from about 10~ 3 to about 10" weight average molecular weight ranging from about 1000 
ScnT 1 . to about 10 7 . 

8. The composite electrolyte according to claim 1, 18. The electrochemical cell according to claim 11, 
wherein said electrolyte has an elastic modulus ranging from wherein said dissociable lithium salt is selected from the 
about 10 4 to about 10 7 Pa. group consisting of lithium imide, lithium triflate, lithium 

9. The composite electrolyte according to claim 1, tetrafluoroborate, lithium perchlorate, lithium iodide, 
wherein said composite electrolyte has an electrochemical lithium trifluorocarbonate, lithium nitrate, lithium 
stability characterized by a current density ranging from 50 thiocyanate, lithium hexafluoroarsenate, and mixtures 



about 10 to about 20 fiAlcm 2 at a voltage of at least about 
4.5 V. 

10. The composite electrolyte according to claim 1, 
wherein said electrolyte comprises: ^ 

(a) from about 1 to about 50 percent by weight of surface 
modified fumed silica filler, wherein said surface modi- 
fied fumed silica comprises polymerizable groups on 
the surface thereof, said polymerizable groups being 
bonded to each other such that said surface modified gQ 
fumed silica filler is crosslinked in a three-dimensional 
structure; 

(b) from about 5 to about 40 percent by weight of a 
dissociable lithium salt; and 

(c) up to about 90 percent by weight of a bulk medium 65 
which contains said surface modified fumed silica filler 
and said dissociable lithium salt. 



thereof. 

19. The electrochemical cell according to claim 11, 
wherein said electrolyte has an ionic conductivity measured 
at room temperature ranging from about 10" 3 to about 10" z 
ScnT 1 . 

20. The electrochemical cell according to claim 12, 
wherein said electrolyte has an elastic modulus ranging from 
about 10" to about 10 7 Pa. 

21. The electrochemical cell according to claim 12, 
wherein said composite electrolyte has an electrochemical 
stability characterized by a current density ranging from 
about 10 to about 20 fiAJcm 2 at a voltage of at least about 
4.5 V. 

22. A battery comprising: 

(a) an anode; 

(b) a cathode; and 
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(c) interposed between said anode and said cathode, a 
composite electrolyte, wherein said composite electro- 
lyte comprises: 

(i) a filler comprising surface modified fumed silica 
particles, wherein said surface modified fumed silica 5 
comprises polymerizable groups on the surface 
thereof, said polymerizable groups being covalently 
bonded to each other in a chemical reaction such that 
said surface modified fumed silica filler is bridged by 
polymer chains formed from the polymerizable JQ 
groups, the surface modified fumed silica filler being 
crosslinked and present as a three-dimensional struc- 

(ii) a dissociable lithium salt; and 

(in) a bulk medium which contains said surface modi- 
fied fumed silica filler and said dissociable lithium 15 
salt. 

23. The battery according to claim 22, wherein said bulk 
medium comprises a liquid component selected from the 
group consisting of a polyethylene glycol) polymer having 
a weight average molecular weight of less than about 1000, 20 
an organic carbonate, and mixtures thereof. 

24. The battery according to claim 23, wherein said 
poly(ethylene glycol) polymer is selected from the group 
consisting of polyethylene glycol), polyethylene glycol) 
mono methyl ether, polyethylene glycol) dimethyl ether, 25 
and mixtures thereof. 

25. The battery according to claim 23, wherein said 
organic carbonate is selected from the group consisting of 
dimethyl carbonate, propylene carbonate, ethylene 
carbonate, and mixtures thereof. 30 

26. The battery according to claim 22, wherein said bulk connected to a C., to C 1S hydrocarbon group, 
medium comprises material having a weight average 39. The composite electrolyte according to claim 37, 
molecular weight ranging from about 1000 to about 10 7 . wherein said bulk medium comprises a liquid component 

27. The battery according to claim 22, wherein said selected from the group consisting of polyethylene glycol) 
dissociable lithium salt is selected from the group consisting 3J polymer having a weight average molecular weight of less 
of lithium imide, lithium trifiate, lithium tetrafluoroborate, than about 1000, an organic carbonate, and mixtures thereof, 
lithium perchlorate, lithium iodide, lithium 40. The composite electrolyte according to claim 37, 
trifluorocarbonate, lithium nitrate, lithium thiocyanate, wherein said electrolyte has an ionic conductivity measured 
lithium hexafluoroarsenate, and mixtures thereof. at room temperature ranging from about 10" 3 to about 10 z 

. The battery according to claim 22, wherein said 4Q Scm" 1 . 



covalently bonded to each other in a chemical reaction 
such that the surface modified fumed silica filler is 
bridged by polymer chains formed from the polymer- 
izable groups, and wherein a three-dimensional com- 
posite electrolyte structure is formed. 

34. The method according to claim 33, wherein said 
polymerization step is thermally initiated. 

35. The method according to claim 33, wherein said 
polymerization step is initiated by actinic radiation. 

36. The method according to claim 33, wherein said 
polymerization step is initiated by utilizing an electron 

37. A composite electrolyte comprising: 

(a) a surface modified fumed silica filler, wherein said 
surface modified fumed silica comprises polymerizable 
groups on the surface thereof, said polymerizable 
groups being covalently bonded to each other in a 
chemical reaction such that said surface modified 
fumed silica filler is bridged by polymer chains formed 
from the polymerizable groups, the surface modified 
fumed silica being crosslinked and present as a three- 
dimensional structure, and wherein said surface modi- 
fied fumed silica filler has at least one methacrylate- 
terminated oligomeric chain on the surface thereof; 

(b) a dissociable lithium salt; and 

(c) a bulk medium which contains said surface modified 
fumed silica filler and said dissociable lithium salt. 

38. The composite electrolyte according to claim 37, 
wherein said methacrylate-terminated oligomeric chain is 



electrolyte has an ionic conductivity measured at room 
temperature ranging from about 10" 3 to about 10~ z Scm" 1 . 

29. The battery according to claim 22, wherein said 
electrolyte has an elastic modulus ranging from about 10 4 to 
about 10 7 Pa. 

30. The battery according to claim 22, wherein said 
electrolyte has an electrochemical stability characterized by 
having a current density ranging from about 10 to about 20 
fiA/cm 2 at a voltage of at least about 4.5 V. 

31. The battery according to claim 22, wherein said 
battery is a lithium battery. 

32. The battery according to claim 22, wherein said 
battery is a lithium-ion battery. 

33. A method of producing a composite electrolyte com- 
prising: 

reacting fumed silica with a surface monomer to modify 
the surface of the fumed silica, wherein polymerizable 
groups become present on the surface of the fumed 
silica; 

contacting the fumed silica with a bulk medium compris- 
ing a dissociable lithium salt, an initiator, and a mono- 
mer which does not react with the surface of the fumed 
silica but is capable of reacting with the polymerizable 
groups; 

processing the mixture into a defined geometry; and 
polymerizing the mixture such that the polymerizabh 



41. An electrochemical cell comprising: 

(a) an anode; 

(b) a cathode; and 

(c) interposed between said anode and said cathode, a 
45 composite electrolyte, wherein said composite electro- 
lyte comprises: 

(i) surface modified fumed silica filler, wherein said 
surface modified fumed silica comprises polymeriz- 
able groups on the surface thereof, said polymeriz- 

50 able groups being covalently bonded to each other in 

a chemical reaction such that said surface modified 
fumed silica filler is bridged by polymer chains 
formed from the polymerizable groups, the surface 
modified fumed silica being crosslinked and present 

55 as a three-dimensional structure, and wherein said 

surface modified fumed silica filler has at least one 
methacrylate-terminated oligomeric chain on the 
surface thereof; 

(ii) a dissociable lithium salt; and 

60 (iv) a bulk medium which contains said surface modi- 
fied fumed silica filler and said dissociable lithium 
salt. 

42. The electrochemical cell according to claim 41, 
wherein said methacrylate-terminated oligomeric chain is 

65 connected to a C x to C, 6 hydrocarbon group. 

43. The electrochemical cell according to claim 41, 



groups on the surface of the fumed silica become wherein said bulk medium comprises a liquid component 
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selected from the group consisting of polyethylene glycol) 
polymer having a weight average molecular weight of less 
than about 1000, an organic carbonate, and mixtures thereof. 

44. The electrochemical cell according to claim 37, 
wherein said electrolyte has an ionic conductivity measured 5 
at room temperature ranging from about 10" 3 to about 10~ 2 
ScnT 1 . 

45. A battery comprising: 

(a) an anode; 

(b) a cathode; and 10 

(c) interposed between said anode and said cathode, a 
composite electrolyte, wherein said composite electro- 
lyte comprises: 

(i) surface modified fumed silica filler, wherein said J5 
surface modified fumed silica comprises polymeriz- 
able groups on the surface thereof, said polymeriz- 
able groups being bonded covalently to each other in 

a chemical reaction such that said surface modified 
fumed silica filler is bridged by polymer chains 2fl 
formed from the polymerizable groups, the surface 
modified fumed silica being crosslinked and present 
as a three-dimensional structure, and wherein said 
surface modified fumed silica filler has at least one 
methacrylate-terminated oligomeric chain on the 2J 
surface thereof; 

(ii) a dissociable lithium salt; and 

(iii) a bulk medium which contains said surface modi- 
fied fumed silica filler and said dissociable lithium 



49. A method of producing a composite electrolyte com- 
prising: 

reacting fumed silica with a surface reactive monomer to 
modify the surface of the fumed silica, wherein a 
polymerizable group becomes present on the surface of 
the fumed silica, said surface modiifed fumed silica 
filler having a methacrylate-terminated oligomeric 
chain on the surface thereof; 

contacting said fumed silica with a bulk medium com- 
prising a dissociable lithium salt, an initiator, and a 
monomer which does not react with the surface of the 
fumed silica but is capable of reacting with the poly- 
merizable group; 

processing the mixture into a denned geometry where the 
fumed silica filler is bridged by polymer chains formed 
from the polymerizable group; and 

polymerizing the mixture such that the polymerizable 
groups on the surface of the fumed silica become 
bonded and a three-dimensional composite structure is 



50. The method according to claim 49, wherein said 
methacrylate-terminated oligomeric chain is connected to a 
C a to C 16 hydrocarbon group. 

51. The method according to claim 49, wherein said bulk 
medium comprises a liquid component selected from the 
group consisting of polyethylene glycol) polymer having a 
weight average molecular weight of less than about 1000, an 
organic carbonate, and mixtures thereof. 

52. The method according to claim 49, wherein said 
electrolyte has an where the fumed silica filler is bridged by 
polymer chains formed from the polymerizable group, ionic 

group consisting of polyethylene glycol) polymer having a conductivity measured at room temperature ranging from 
weight average molecular weight of less than about 1000, an about 10 31 to where the fumed silica filler is bridged by 
organic carbonate, and 



46. The batttery according to claim 45, wherein said 
methacrylate-terminated oligomeric chain is connected to a 
Cj to C 16 hydrocarbon group. 

47. The battery according to claim 45, wherein said bulk 
medium comprises a liquid component selected from the . 



s thereof. 

. The battery according to claim 45, wherein said 
electrolyte has an ionic conductivity measured at room 
temperature ranging from about 10~ 3 to about 10" 2 ScrrT 1 . 



polymer chains formed from the polymerizable group, about 
10 31 2 ScnT 1 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 



PATENT NO. : 5,965,299 Page 1 of 1 

DATED : October 12, 1999 

INVENTOR(S) rKhanetal. 



It is certified that error appears in the above-identified patent and that said Letters Patent is 
hereby corrected as shown below: 



Column 14. claim 49, 

Line 7, "modiifed" should read ~ modified -. 
Column 14. claim 52. 

Lines 32-38, claim 52 should read ~ The method according to claim 49, wherein said 
electrolyte has an ionic conductivity measured at room temperature ranging from about 
10" 3 to about 10" 2 Son" 1 . - 



Signed and Sealed this 
Sixth Day of November, 2001 

Attest: 

-TltLMe* P. 

NICHOLAS P. GODICT 
Attesting Officer Acting Director of the United States Patent and Trademark Office 



